The increased life span caused by certain mutations in the nematode Caenorhabditis elegans has been interpreted in terms of two metabolic theories of ageing: the oxidative damage theory and the rate of living theory. New findings support the former, but not the latter interpretation. Address Three new studies [3] [4] [5] cast some doubt on this dualistic scheme. Although the CLK-1 protein does appear to function in mitochondria, and respiration is reduced in clock mutants [3, 4] , the magnitude of the reduction is very small relative to the observed slowing-down of biological processes. Furthermore, ATP levels are elevated in clock mutants [4] . It thus seems unlikely that the slow-down in clock mutants is caused by a reduction in mitochondrial respiration. Consequently, a new theory of clock gene function has been proposed [3] : that in clock mutants, the coordination of the activity levels of mitochondria and nucleus is disrupted, resulting in a slowing-down of cellular processes. And the life-span extension of the oxidative-damage-resistant daf-2 and age-1 mutants has been found to require an antioxidant enzyme, cytosolic catalase [5] . Yet when this catalase is overexpressed, life span is not extended. More surprisingly, the clk-1 life-span extension also requires this catalase.
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The rate-of-living theory of ageing
As in other ectotherms, the duration of each part of the C. elegans life history is dependant upon temperature. For example, at 16°C, larval development takes about 60 hours, and the mean adult life span is around 22 days, whereas at 25°C, development takes 30 hours, and the life span 13 days. A simple interpretation is that, at higher temperatures, the biochemistry of life, ageing included, happens more quickly, so that life span is shorter. The rate-of-living theory, originally proposed by Raymond Pearl in the 1920s, explains such temperature effects in terms of energy metabolism. By this view, cells have a fixed, limited capacity for energy transduction, after which they wear out and die; at higher metabolic rates, this limit is reached more quickly and life span is consequently shorter.
The oxidative damage theory of ageing
The oxidative-damage theory, as its name suggests, views ageing as the consequence of oxidation, in particular molecular damage caused by highly reactive superoxide ( ⋅ ⋅ O 2 -) and hydroxyl ( ⋅ ⋅ OH) free radicals. The main source of free radicals in the cell is mitochondrial respiration. Some 2-3% of oxygen consumed by the cell is converted into superoxide ions or hydrogen peroxide. These then attack and damage lipid, protein and DNA constituents of the cell. The oxidative damage theory can potentially explain the phenomena cited in support of the rate-ofliving theory: an increased metabolic rate leads to an increase in the rate of production of oxygen free radicals, thus accelerating ageing [2] . A model in which the life extension of clk-1 mutants involves a reduction of the rate of living that is not driven by a reduction in the rate of metabolism [3, 4] . Here, the slight defect in mitochondrial respiration is a secondary effect of reduced nuclear gene expression. 
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Two theories, two types of mutant
From observations of interactions between mutations, it has been argued [6] that long-lived C. elegans mutants fall neatly into two types. One class includes the clock mutants, where all aspects of the life history are, on average, slowed down [7] , and life span is extended by up to 70%. Also included in this group are eat mutants which, compared to wild type, feed more slowly and live longer, probably because of caloric restriction [6] . The clk-1 gene encodes a homologue of a yeast mitochondrial protein required for the biosynthesis of coenzyme Q (ubiquinone) [8] . Coenzyme Q is essential for oxidative phosphorylation. Taken together, these observations suggested that, in clock mutants, the rate of energy metabolism is reduced, slowing the rate of living and extending the life span.
The other class of life-span mutants include those affecting daf-2 and age-1, which encode elements of an insulin-like signalling pathway. In these mutants, life span is extended by up to 200%. They are also resistant to oxidative stress and have elevated levels of the antioxidant enzymes superoxide dismutase, which converts superoxide into hydrogen peroxide, and catalase, which converts hydrogen peroxide into oxygen and water. This suggested that these mutants are long-lived because they have increased resistance to free-radical damage. The distinction between the rate-of-living mutants and the freeradical-resistant mutants was underscored by the observation that only the latter require the DAF-16 forkhead transcription factor for life extension [6] .
This tidy schema leads to a number of predictions. Firstly, that in clock mutants the rate of metabolism should be reduced to a level corresponding to their reduced rate of living. Furthermore, they would not be expected to show increased resistance to oxidative stress. Secondly, reducing the expression of antioxidant enzymes should suppress the increase in life span of daf-2 and age-1 mutants, but not that of the clock mutants.
Does clk-1 affect the rate of living?
The role of clk-1 in mitochondrial function has now been investigated, by Felkai et al. [3] . Firstly, they observed that CLK-1 protein is localised to mitochondria. Next, using a vital dye they showed that, in clk-1 mutants, the level of mitochondrial activity is reduced. The surprise came when they assayed the activity of electron transfer reactions involving coenzyme Q. In contrast to yeast mutants affected in the homologous COQ7 gene, respiration was only slightly reduced in the C. elegans clk-1 mutants. Significantly, when exogenous coenzyme Q was added to clk-1 mutant homogenates, it did not increase respiration any more than in wild-type homogenates [3] . Given that the clk-1 mutations used were nulls, this suggests that clk-1 does not affect coenzyme Q biosynthesis, as previously supposed; the true biochemical function of CLK-1 remains a mystery.
The effects of clk-1 on mitochondrial function do suggest that mitochondria play some role in ageing: overexpression of clk-1 led to an increase in the rate of respiration and reduced life span [3] . Nonetheless, these results fail to support a simple model in which clock mutants behave as if they were at a lower temperature. Thus, the traits exhibited by clock mutants, such as a six-fold reduction in reproductive output, cannot be explained by their slightly reduced rate of metabolism.
A nuclear-mitochondrial cross-talk model
Felkai et al. [3] suggest a new hypothesis of clock gene function: that clk-1 mutants are defective in a mechanism that normally allows mitochondria to indicate to the nucleus their level of energy production ( Figure 1 ). The nucleus is thus deluded that mitochondrial activity is depressed, and in consequence gene expression is downregulated and cellular processes are slowed down (Figure 1 ). This could explain an odd feature of the clock mutations: that their effect on life span is fully maternally rescued. Homozygous clk-1/clk-1 progeny of a clk-1/+ Dispatch R615
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A model for life extension by a reduction of oxidative damage, controlled by daf-16 and clk-1 [5] . (An alternative possibility is that clk-1 antagonises daf-16. Two studies [4, 10] mother exhibit wild-type life spans. Maternal CLK-1 could allow the mitochondria to inform the nucleus of their high level of activity; when the maternal CLK-1 is depleted, the level of nuclear expression might remain unaltered in the absence of new information from the mitochondria.
These ideas concur with findings reported recently in Current Biology by Braeckman et al. [4] , who saw a slight decrease in oxygen consumption in two clock mutants, with mutations in clk-1 and gro-1. If the reduced rate of living of the clock mutants is due to a reduction in the respiration rate, reduced levels of high energy phosphates might be expected. In fact, ATP levels were not reduced at all [4] ; in the case of gro-1 mutants, they were actually increased. Furthermore, while in wild-type animals, ATP levels drop approximately eight-fold during ageing, in both clock mutants ATP levels dropped only slightly with age. ATP levels were greatly increased in daf-2 and age-1 mutants. Again, these findings do not support the view that slowed mitochondrial respiration slows down the rest of the cell. Rather, they suggest the opposite causal relationship: that cellular processes outside of the mitochondria are slowed down, reducing ATP consumption and slightly reducing the rate of respiration.
Braeckman et al. [4] also found that mutation of daf-16 reduced the ATP concentrations in clk-1 mutants back down to wild-type levels, yet had no effect on the reduced oxygen consumption. From this they concluded that, in clock mutants, energy production is uncoupled from energy consumption. Thus, the slowing-down of respiration in clock mutants appears not to be the result of feedback inhibition from accumulated ATP.
Antioxidant genes and life extension
The recent finding that a gene encoding catalase is required for life extension in daf-2 and age-1 mutants [5] provides support for the view that resistance to oxidative stress plays an important part in their increased life span. C. elegans has two catalase genes, of which only one, ctl-1, is required for life extension. Interestingly, ctl-1 encodes a cytosolic catalase, a form of the enzyme unknown in higher animals, where only peroxysomal catalase is found. As C. elegans contains no detectable glutathione peroxidase [9] , Taub et al. [5] suggest that, in this organism, CTL-1 takes its place as the main cytosolic hydrogen peroxide scavenger. If this is correct, it suggests that glutathione peroxidase may have a key role in ageing in higher animals.
These findings clearly show that CTL-1 is necessary for life extension; however, they fail to show that it is sufficient. Overexpression of ctl-1 did not extend life span, even in combination with over-expressed sod-1 (which encodes a cytosolic superoxide dismutase) [5] . Surprisingly, CTL-1 was also required for clk-1 life extension. This suggests that the mechanism of clock mutant life extension may, in fact, be the same as that in daf-2 and age-1 mutants: enhanced oxidative stress resistance ( Figure 2 ). Not much is known about stress resistance in clock mutants, although clk-1 mutants are resistant to ultraviolet radiation, a free radical generator [10] . Should this prove to be the case, it would provide another example of a theory of ageing -in this case the rate-of-living theory -that has sent researchers barking up the wrong tree.
